Twisted light carries a well-defined orbital angular momentum (OAM) per photon. The quantum number ℓ of its OAM can be arbitrarily set, making it an excellent light source to realize high-dimensional quantum entanglement and ultra-wide bandwidth optical communication structures. To develop solid-state optoelectronic systems compatible to such promising light sources, a timely challenging task is to efficiently and coherently transfer the optical OAM of light to certain solid-state optoelectronic materials. Among the state-of-the-art emergent materials, atomically thin monolayer transition metal dichalcogenide (ML-TMD), featured by ultra-strong light-matter interaction due to its reduced dimensionality, renders itself a potential material suitable for novel applications. In this study, we carried out photoluminescence (PL) spectroscopy studies of ML-MoS2 under photoexcitation of twisted light with well-defined quantized OAM. We mainly observed pronounced increases in the spectral peak energy for every increment of ℓ of the incident twisted light. The observed non-linear ℓdependence of the spectral blue shifts evidences the OAM transfer from the exciting twisted light to the valley excitons in ML-TMDs, which is well accounted for by our analysis and computational simulation. Even more excitingly, the twisted light excitation is shown to make excitonic transitions relative to the transferred OAM, enabling us to infer the exciton band dispersion from the measured spectral shifts. Consequently, the measured nonlinear ℓ-dependent spectral shifts revealed an unusual lightlike exciton band dispersion of valley excitons in ML-TMDs that is predicted by previous theoretical studies and evidenced for the first time via our experimental setup that utilizes the unique twisted light source. * Corresponding authors § Authors contributed equally to this work Figure S1 . (a) The energy versus ℓ graph and the (b-c) corresponding PL spectra showing the energy shift of the A exciton PL peaks of the ML-MoS2 sample, from the main text, that was excited with twisted light at different values of ℓ. As |ℓ| increases, the photon energy increases (blue shift). Similarly, the (d) energy versus ℓ graph as well as the (e-f) corresponding PL spectra of the BL-MoS2 sample, from the main text, showing the blue shift of its A excitons is also presented.
I. Introduction
Optical Vortex beam (VB), also called twisted light, is a stream of light with a phase singularity and carries a well-defined orbital angular momentum (OAM) 1 equivalent to ℓℏ per photon. Its helicoidal wavefront gives rise to a topological structure uniquely identified by the quantum number of its OAM ℓ. Twisted light have been considered in various research fields leading to advanced discoveries and applications 2 in, but not limited to, communication systems 3 , optical manipulation 4, 5 , quantum entanglement 6, 7 , enhanced imaging systems 8, 9 , chemistry 10 and biomedicine 11 . Due to its unique properties, a handful of researchers have also become interested in exploring the helical light beam's interaction with condensed matter. Twisted light-matter interaction (TLMI) involves the transfer of light beam's OAM onto illuminated objects [12] [13] [14] in such a way that the total angular momentum is conserved. A new degree of freedom (DOF) can be introduced by twisted light through its quantum number ℓ that can be exploited to uncover certain phenomena that are challenging to observe in an experimental setting. Such is revealed by Schmiegelow et al. (2016) when they demonstrated enhanced electric quadrupole transitions in a trapped 40 Ca + ion that leads to a modified optical selection rule 14 .
Opportunities to expand existing applications may also arise, such as the work of Sordillo et al. (2019) in which findings suggest significance in spintronics 15 . Through the introduction of OAM to the exciting light, it is possible that certain predicted properties in other materials may be tested or new behaviors may be discovered. One of these prospective materials with very interesting properties are the layered transition metal dichalcogenides (TMDs). 16 Interlayer quasiparticles in TMDs are recently reported to have exhibited quasiangular momentum -a new DOF -via a near-zero twist angle heterostructure 17 . Excitingly, the twisted wavefront of an incident twisted light beam may also induce a distinct DOF in the TMD material by virtue of its properties.
Photo-exciting a ML-TMD with twisted light should give rise to new exciton transitions that has acquired additional finite momenta from the transferred OAMs of light 18, 19 . With every increment of the quantized OAM of the incident twisted light, the photo-induced exciton transitions in a ML-TMD might shift towards high momentum regime and, correspondingly, yield blue-shifted PL energies. For such scenario, our optical spectroscopic facility set up with a twisted light source serves like an alternative tool that can sample the exciton energies in the distinct momenta regime and allows one to infer the exciton band dispersion which is so far still not measurable. The -dispersion of the exciton band of a photo-excited material is enriched with exciton physics [20] [21] [22] . Because of the inherently weak Coulomb screening in low dimensional materials, excitons in photo-excited ML-TMDs are subjected to extraordinarily strong Coulomb interaction, including both the electron-hole direct and exchange interactions. It is the former that makes an exciton bound so tightly in a 2D material, while the latter is known to be the main cause of fast valley depolarization of excitons -one of the most relevant physics in the application of valleytronics where long valley times are essentially necessary and desired [23] [24] [25] [26] [27] [28] [29] . From previous theoretical studies, the underlying electron-hole exchange interaction in an exciton leads to an unusual light-like exciton dispersion 20, 21 . In this work, we show that our optical measurement with the unique twisted light source evidences for the first time the exchange-interactiondriven light-like exciton band of ML-TMDs. Specifically, we detected meV-scale increases in the measured PL peak spectral energy as the |ℓ| of the incident twisted light was incremented. The observed non-linear ℓdependence pattern of the detected PL spectral shifts is shown to be a signature of the predicted linear lightlike exciton band dispersion, which is well accounted for by our simulation of the twisted light and monolayer MoS2 interaction.
II. Methods
To perform Raman characterization and PL spectral measurements, a micro-Raman spectroscopy setup was used as shown in Fig. 1(a) . Inserted along the optical path prior to the sample is a spatial light modulator (SLM) responsible for the generation of the twisted light. Here, we use a set of computer-generated holograms to carry out spatial modulation to a 532 nm continuous laser. Each hologram is characterized by a particular phase corresponding to a value of ℓ that will be imposed on the incident beam. The reflected beam would then have an OAM of ℓℏ per photon. Fig. 1(b) illustrates the phase, wavefront and the intensity profiles associated with selected values of ℓ. The twisted light from the SLM was tightly-focused on the sample using a 100x objective lens. The setup was designed so that the power and the ℓ of twisted light can be varied before an optical measurement was executed. All measurements were done at room temperature as excitonic effects in ML and bilayer (BL) TMDs remain strong within this operating condition 30 .
Triangular MoS2 samples were prepared by chemical vapor deposition on a Si/SiO2 substrate.
Deliberately grown onto the substrate were stacked layers of triangular MoS2 among which a specific sample, as seen in Fig. 2 (a) and 2(b), was selected. Raman spectrum of the outer triangular portion of the sample (Fig. 2(c)) shows a peak separation of 19.2 cm -1 between the two dominant phonon modes of MoS2, which indicates a ML structure 31 . Meanwhile, the Raman spectra of its inner triangular part ( Fig. 2(d) ) shows a peak separation of 21.9 cm -1 , which closely corresponds to a BL configuration 32 .
III. Results and Discussion
At a fixed laser power of 800 W, we performed repeated PL measurements each at different values of ℓ of the incident twisted light on both the ML-and the BL-MoS2 samples. Clear shifts of the A exciton PL peaks from long wavelength (at ℓ = 0) to shorter wavelengths (at 1 ≤ |ℓ| ≤ 4) were observed in the ML-MoS2 sample ( Fig. 3 (a) and Fig. S1 (b) to S1(c)), which corresponds to an increase in the photoemission energy (blue shift) as the |ℓ| of the incident light increases ( Fig. 3(c) ). It is also apparent that these spectral blue shifts follow a non-linear ℓ-dependence pattern. The overall change in energy of the ML-MoS2 sample's PL peaks, from when ℓ = 0 to ℓ = ±4, is about 2.6 meV (spectral shift of 0.97 nm). Note that the small spectral shifts recorded in between measurements is not a measurement deviation as they are well above the spectrometer's resolution (0.05 nm). In fact, to prove the abovementioned claim, a set of relatively larger PL spectral shifts from another triangular ML-MoS2 sample (Fig. S2 ) showed a similar pattern as that of Fig. 3 (a) and 3(c) indicating that both sets of data, regardless of the difference in the magnitudes of their respective spectral shifts, have possibly manifested the same phenomenon.
To verify the involvement of the properties of the exciting twisted light in this observed phenomenon, we conduct a theoretical analysis of the light-matter interactions (LMI), as well as a numerical simulation of the optical spectra, of a ML-MoS2 under the excitation of twisted light as follows.
Twisted Light and ML-MoS2 interaction
In the above experiments, the PL spectra of the ML-MoS2 were obtained by exciting the sample nonresonantly and by subsequently detecting the spontaneously emitted photons from the excitons therein, which, prior to the exciton-photon conversion, undergo some energy relaxation processes. For simplicity of modelling, we assume resonant excitation and simply evaluate the rate of the generic optical transitions (light emission or absorption) disregarding the processes of relaxation. Note that the PL spectral shifts induced via resonant excitation is also measured and shown in Fig. S3 , which is very similar to that of the non-resonant case ( Fig.   3 (a) and 3(c)) and supportive of the adopted assumption. According to the Fermi's golden rule, the rate of the generic optical transition of a 2D material under the weak excitation of light with vector potential A ⃑ (r ⃑, t) and angular frequency is evaluated by
where H is the second quantized operator of the leading linear term in the light-matter interaction, H ≡ | | A ⃑ (r ⃑, t) ⋅ p ⃑, in the Coulomb gauge and in the rotating wave approximation 33 Let us now turn to the modelling of the light-matter interaction. In the Lorenz gauge 41, 42 , the vector potential of the LG beam is written as
where ε is the unit vector of light polarization, q is the magnitude of the wave vector along the propagating in Lorenz gauge in the light-matter interaction of Eq. (1), which is yet in Coulomb gauge, is justified in Ref. [43] . For the simplicity of analysis, we set p = 0 throughout this work and take the compact form of the LG beam's amplitude, that is
where A is the constant of amplitude and W is the beam waist of the LG beam. To better identify the interaction of the twisted light with an exciton possessing the in-plane center-of-mass momentum in a 2D material, we decompose the spatially varying amplitude of the twisted light into a series of plane waves with in-plane wave vectors q ⃑ ∥ ,
After some algebra, the amplitude of the q ⃑ ∥ -component is solved as Supporting Information for the detailed derivation) .
Assuming the sufficiently broad bandwidth of the exciting light and taking the electric dipole approximation, the total rate of the optical transition to create or annihilate an exciton in the state Ψ ⃑ is obtained by integrating ⃑ ℓ ( ) over all , increases. This indicates that the twisted light with higher |ℓ| optically excites more exciton states with greater Q and higher energies.
To simulate the spectral shift of the optical peak caused by the twisted light, we specify a spectral function of energy, ℓ (E), which resolves the total transition rate W ℓ ≡ ∑ W ⃑ ℓ ⃑ = ∫ d Q ⃑ W ⃑ ℓ in the energy spectrum, as implicitly defined by
Since our experiments were carried out at room temperature, thermal distribution is so broad that the spectral function ℓ (E) alone, defined as the distribution function of the transition rate in energy, should well model the profile of the PL spectral peak. To find out ℓ (E), we carry out the integral of the left-hand side of Eq. (5) and transform the variable Q to E via the predicted band dispersion of exciton, E ± ⃑ (See Supporting
Information for the details).
Numerical Simulation of the spectral shifts of the twisted light-induced optical peaks 44, 46, 47 rather than the microscopic theory suited for nano-materials 48 . Lastly, it may also be necessary to consider the effects of the ℓ-dependent power density of the incident twisted light on the sample. Theoretically, the higher the ℓ of the incident light, the lower its power density on the surface of the sample. The reason is that, as the ℓ of the twisted light increases, its beam spot expands leading to a higher effective area. This can, thus, raise a possibility that the laser's power density could also influence the observed PL measurements. Measured PL spectra taken from the BL-MoS2 sample ( Fig. 3(b) and Fig. S1(e) to S1(f)), on the other hand, shows similar behavior as in ML-MoS2 such that clear non-linear ℓ-dependent blue shifts (Fig. 3d) of the A exciton peaks with increasing |ℓ| were also recorded. Compared to ML, BL-MoS2 exhibits a maximum overall shift of 17.38 meV (ℓ = 0  −4). The larger shifts in BL-MoS2 is speculated as the consequence of a possibly steeper exciton band dispersion resulting from the interplay between the electron-hole exchange interaction and inter-layer coupling in the material. The LMI mechanism, however, in the BL-MoS2 case is not guaranteed to be the same with that of the ML-MoS2 as various interactions may have also occurred in the former. Further studies regarding this matter is still necessary.
Power-dependence of the PL spectra from the ML-MoS2 sample illuminated with twisted light is also investigated with the results shown in Fig. 5 . Successive PL measurements after each increment of laser power, with a fixed value of ℓ, were done to complete one cycle over a total of four cycles of measurements. Each cycle is performed using different values of ℓ of the incident light, that is at 0 ≤ ℓ ≤ 3 in incrementing order.
Based on the results, a clear dependence of the photoemitted energy to increasing laser power was observed.
This is an expected behavior as it was also seen in a previous report 49 . Here, thermal effects due to laser heating or photo-induced current 50 may become more significant, which lead to a red shift in the PL peak as the power of the incident light increases. This demonstration reveals the sensitivity of the MoS2 material, not only to the quantum number ℓ of the twisted light, but also to the instantaneous incident laser power. Moreover, the recorded data at higher value of ℓ, when the sample has already been exposed to the laser at a relatively longer time, might have already experienced the heating effect which is evident by the relatively lower blue shift compared to the one presented in Figure 3a .
The above discussions were only focused on the analysis of A exciton peaks taken from both ML-and BL-MoS2 samples; the PL data concerning B excitons, specifically for BL MoS2, were attached in Fig. S5 , which shows a similar blue shift behavior. To verify the reproducibility and repeatability of all the reported results, another sample was selected and shown in Fig. S6(a) in the Supporting Information; similar results were obtained and shown in Fig. S6(b) -S6(c). 
IV. Conclusion

I. Theory of exciton in 2D materials
I-1. The effective pseudospin Hamiltonian of exciton
Based on the quasi-particle Bloch state ⃑ with band index and wavevector ⃑ , the exciton state, Ψ ⃑ , with the center-of-mass momentum ⃑ can be written, in the second quantization language, as
where Ω is the area of the 2D material, is the index of exciton band, Λ ⃑ ⃑ is the amplitude of an electron- 
where is the vacuum permittivity, and ⃑ ⃑ is the dipole moments of the exciton basis states Ψ ⃑ that is given by
Following the methodology employed in Ref. [3] , we compute ⃑ and Λ ⃑ ⃑ by solving the DFT-based Bethe-Salpeter equation (BSE) and calculate ⃑ ⃑ , ⃑ ≡ ⃑ ⃑ ⃑ in the way presented in Ref. [3] . 
I-2. The exciton band dispersions and the density of states
The eigen-energies of the effective exciton Hamiltonian of Eq.(S2) are solved as
which belong to the upper and lower bands, respectively. As previously revealed by Refs. [1, 2] , the upper band exhibits the linear dispersion band while the lower band remain the parabolicity in the dispersion.
Correspondingly, the eigen states of the upper linear band are explicitly given by
and those of the lower band are
Accordingly, the density of states (DOS) of the exciton bands defined by ( ) ≡ ( ) ∫ ⃑ ⃑ − , are solved as
and the lower parabolic band as
Notably, the DOS of the upper linear band shows the linear proportionality to the increased energy, whereas that of the lower parabolic one remain constant and unchanged by varying the energy.
I-3. The momentum matrix elements and transition dipole moment of valley-mixed exciton
The momentum matrix element of a single electron transition defined as ⃑ ⃑ ⃑ is associated with the transition dipole moment via the relationship ⃑ ⃑ , ⃑ = ℏ ⃑ ⃑ ⃑ ⃑ ⃑ , where ⃑ is the energy of the quasi-particle state ⃑ and is the free electron mass (see the details in Ref. [3] ). Disregarding the electronhole exchange interaction, the momentum matrix element of the valley exciton state being a superposition of the correlated single electron transitions as expressed by Eq.(S1) is given by
where we have used the property that the transition energy ⃑ − ⃑ is nearly equal to the quasiparticle energy gap around the ⃑ -region where Λ ⃑ ⃑ is not vanished. For TMD-MLs, the dipole moment of the K (K') valley exciton is known to be ( )-polarized and can be re-written as
is the unit vector of ( )-polarization and is evaluated as 0.128 according to Eq.(S4) .
Under the action of the electron-hole exchange interaction, the exciton eigen states turn out to be the mixture of the two distinctive valley exciton, as previously shown in Eq.(S7) and Eq.(S8). Accordingly, the dipole moments of the valley-mixed exciton states Ψ ± ⃑ are given by
(S11)
II. Theory of orbital angular momentum light
II-1. The vector potential of the Laguerre-Gaussian orbital angular momentum light
The vector potential of a Laguerre-Gaussian (LG) mode of orbital angular momentum (OAM) light in the Lorenz gauge is expressed as in the form,
where ̂ is the unit vector of light polarization, ℓ = 0,1,2, … ( = 0,1,2, … ) denotes the quantum number of OAM (radial mode index) of the LG-OAM light, is the magnitude of the wavevector along the propagating ( -) direction, is the angular frequency of the light, ℓ ( ⃑ ∥ ) is the amplitude of the LG-OAM light spatially varying in the plane normal to the -direction. Following Refs. [4, 5] , the spatially varying amplitude of the LG-OAM light is explicitly given by
is the generalized Laguerre polynomial, is the constant of amplitude and is referred to as the beam waist of the OAM light., ⃑ ∥ = ( , ) is the position vector in the polar coordinate system and it is defined in the 2D-plane normal to the propagating direction ( -direction here). According to our experimental setups, we will use = 1.5 m in our numerical simulations.
II-2 The vector potential of the fundamental LG mode with =
For the simplicity of analysis, let us focus on the fundamental LG mode with = 0 throughout this work.
Taking that |ℓ| ( ) = 1 for all ℓ in Eq.(S13), one derives the amplitude of the vector potential of the LG mode with = 0 in the simple form,
(S14)
II-3 The amplitude of LG modes expanded by in-plane plane waves
The spatially varying amplitude of the LG-OAM light with = 0 in Eq.(S14) can be expanded in terms of inplane plane waves with the in-plane wave vector ⃑ ∥ as
where after some algebra the expansion coefficient ℓ ( ⃑ ∥ ) is solved as
In a dielectric medium, the wave length of the light is scaled down by the factor of the refractive index of the dielectric medium, . In the case, Eq.(S16) should be modified by replacing the in-plane wave vector ∥ therein by ∥ ⁄ .
III. The interaction between an exciton and a LG-OAM light
The full Hamiltonian of light-matter interaction (LMI) for a material under a weak excitation of light is given by
where ⃑ ( ⃑, ) is the vector potential of the exciting light in the Coulomb gauge, ( ) is the elementary charge (mass) of an electron, and ⃑ is the linear momentum, and
From the Fermi's golden rule, the rate of the optical transition that creates or annihilates an exciton in the state Ψ ⃑ under the excitation of the light with the angular frequency ω is evaluated by using the formalism,
in the rotating wave approximation, and the Hamiltonian of Eq.(S18) is expressed as =
in the language of second quantization. Taking the exciton wave function in Eq.(S1), the matrix element in Eq.(S19) reads
(S20)
From Eq.(S12), (S15) and (S18), the matrix element of the LMI on the right hand side of Eq.(S20) driven by an OAM light reads
Taking the use of the property that the thickness of the 2D-material is much smaller than the wave length of the visible light, we can get
Furthermore, if we do the series expansion to the periodic part of the Bloch function ⃑ ⃑ at ⃑ and take only the dominant term in the series, we can get ℏ ⃑ ⃑ ⃑ ⃑ + ⃑ ⃑ ⃑ ⃑ ≈ ⃑ ⃑ ⃑ and therefore
which can be regarded as the electric dipole approximation.
Combining Eqs.(S20-S23), we reach the closed form of the LMI matrix element, Considering the exciting light beam with sufficiently broad band width, the total rate of the optical transition to excite the exciton state Ψ ⃑ is evaluated by integrating Eq.(S19) over the angular frequency as given by 
